SUMMARY First-pass radionuclide angiocardiography was used to assess the left ventricular response to submaximal exercise in 150 patients with coronary artery disease (CAD). To test the hypothesis that resting systolic left ventricular function as determined by left ventricular ejection fraction (LVEF) was a predictor of the hemodynamic response to exercise, the study group included patients with a wide range of resting LVEF (0.12-0.82). The influences of resting LVEF, resting end-diastolic volume, the number of diseased vessels, exercise end point and exercise double product on the change in LVEF (ALVEF) during exercise were tested using multiple linear regression analyses. Resting LVEF was a highly significant predictor of the ZXLVEF (p = 0.0001). Exercise duration was not related to either the resting LVEF or the ALVEF. For the 112 patients in whom coronary anatomy was known, resting LVEF retained its significance as a predictor of ALVEF (p = 0.002) even after adjustment for the significance of the extent of CAD (p = 0.0007) and the exercise end point (p = 0.06). Patients with normal resting LVEF showed the most profound decreases in LVEF, the highest frequency of new regional dysfunction and the largest relative increase in end-diastolic volume during exercise. As rest LVEF decreased, the magnitude of the ALVEF and the frequency of new regional dysfunction decreased. Therefore, left ventricular function at rest is an important determinant of the direction and magnitude of change in left ventricular function during exercise.
IN PATIENTS without cardiovascular disease, both the fraction of blood ejected from the ventricle and regional wall excursion increase during exercise. In patients with coronary artery disease, the left ventricular ejection fraction (LVEF) usually decreases and abnormalities of regional contraction appear.'`3 Prior myocardial infarction may reduce the ejection fraction and produce abnormal wall motion at rest." 5 Studies performed in experimental animals indicate that global ventricular function may be preserved during regional ischemia by compensatory increases in contractility of the nonischemic myocardium.6 8 Hence, myocardial infarction may reduce the amount of myocardium available for maintaining global function during subsequent regional ischemia. Ventricular dysfunction at rest may thus be expected to predispose to further deterioration in global function during exercise stress in patients with coronary artery disease. In contrast to this view, we observed that despite extensive coronary artery disease and markedly reduced ventricular function at rest, LVEF usually increases or is maintained during exercise. The purpose of the present study was to evaluate this apparent inconsistency between the extent of ventricular dysfunction at rest and ventricular function during exercise. Ventricular function was measured during exercise in a large group of patients with a wide range of resting ventricular function. The independent effect of resting ventricular function on the ventricular response to exercise was analyzed.
Methods

Patient Population
The study group consisted of 150 patients with coronary artery disease documented by coronary arteriography or prior myocardial infarction who underwent radionuclide angiocardiography during the period from July 1, 1978 to March 1, 1979 . There were 134 men with a mean age of 53 ± 9 years (range 25-83 years) and 16 women with a mean age of 55 ± 10 years (range 38-70 years) (p = NS). The diagnosis of coronary artery disease was established by coronary arteriography in 112 patients and by a history of myocardial infarction in 38 patients. Coronary arteriography and biplane left ventriculography were performed by Judkins' technique using standard procedures. Significant stenosis of a coronary artery was defined as occlusion greater than 75% of luminal diameter. In the group of 112 patients with coronary anatomy documented by arteriography, there were 26 patients with one-vessel, 36 with two-vessel and 50 with three-vessel disease. A history of myocardial infarction was accepted if two of the following three criteria were met: chest pain, typical evolutionary QRS or T-wave changes on the ECG or the presence of CPK-MB fraction in serum. Patients who had undergone previous coronary artery or left ventricular surgery were excluded. No patient had taken propranolol for at least 24 hours. Digitalis, nitrates and other vasodilators were not routinely discontinued.
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For comparison, the population was divided into three groups based on the resting LVEF as determined by radionuclide angiocardiography: group 1, resting LVEF < 0.25; group 2, resting LVEF 0.26-0.50; and group 3, resting LVEF > 0.50. Group 1 consisted of 37 patients, 33 men and four women. The resting LVEF ranged from 0.12-0.25 (mean 0.20 ± 0.04). Group 2 consisted of 51 patients, 46 men and five women. The resting LVEF ranged from 0.26-0.50 (mean 0.38 ± 0.07). Group 3 consisted of 62 patients, 55 men and seven women. The resting LVEF ranged from 0.51-0.82 (mean 0.63 ± 0.07).
Exercise Protocol
Radionuclide angiocardiograms were performed with the patient in the erect position, at rest and during exercise. After the radionuclide angiocardiogram at rest, exercise was performed on a bicycle ergometer (Fitron, Lumex Inc.). Blood pressure was recorded by cuff manometric technique at 2-minute intervals during and after exercise until stable. The ECG was monitored continuously, and an eight-lead ECG (I, II, III, aVR, aVL, aVF, V5 and V) was recorded every minute during and after exercise until stable. Work load was measured in kilopond meters per minute (kpm/min). All patients began exercise at a work load of 200 kpm/min. The work load was then increased by 100 kpm/min every minute. Exercise was terminated when one of the following occurred: (1) pain suggestive of myocardial ischemia, (2) electrocardiographic evidence of ischemia, (3) hypotension, (4) All RNA data were stored on magnetic disks and subsequently transferred to magnetic tapes for permanent storage. Radionuclide data were processed using the computer and software of the Baird system after correction for background measured just before injection and for detector nonuniformity and electronic dead time count loss of the instrument.2 9 A curve representing count changes within the left ventricle was used to identify the times of end-systole and enddiastole of individual beats. Sequential addition of data from three to six beats starting at end-diastole produced an average or representative cardiac cycle. LVEF was calculated from the background-corrected representative cycle as ED counts -ES counts ED counts X 100
where ED = end-diastolic and ES = end-systolic. A computer program outlined the ED and ES perimeters at the 21% isocount contour of the end-diastolic image. 10 The aortic valve plane was identified from dynamic images and by isolation of the zone demarcating alternate count increases and decreases during diastole and systole. The area of the ED image was obtained by planimetry and the length was measured using a sonic digitizing device (Graf-Pen) coupled to a PDP-1 1/45 computer. The left ventricular enddiastolic volume (EDV) was calculated by the arealength method of Sandler and Dodge." Regional left ventricular function was assessed by analysis of wall motion using both the cinematic display of the average cycle and the static display of the superimposed ED and ES perimeters. The static radionuclide angiographic left ventricular image was divided into three zones representing the anterior, apical and inferior walls.
Using the static display of the ED and ES perimeters, wall motion was categorized as hypokinetic if the ES perimeter indicated less than normal systolic excursion, akinetic if the ES and ED perimeters were superimposed and dyskinetic if the ES perimeter was extended beyond the ED perimeter. A wall motion abnormality was then graded from 0-6, where 0 = normal, 1 = < 1/2 wall hypokinetic, 2 = > 1/2 wall hypokinetic, 3 = < ½/2 wall akinetic, 4 = > 1/2 wall akinetic, 5 = < /2 wall dyskinetic and 6 = > 1/2 wall dyskinetic. A grade greater than 0 was considered a wall motion abnormality when present at rest or when present during exercise if the rest grade was 0. If a wall motion abnormality was present at rest, the exercise wall motion grade had to exceed the resting grade by more than 2 to be considered significantly worse with exercise.
In addition, regional function was evaluated using a regional ejection fraction image that was generated by VOL 63, No 4, APRIL 1981 subtracting ES counts from ED counts and dividing by the ED counts for each crystal in the left ventricular image. Differences in regional function were displayed using a 16-color coded image, each color representing approximately a 6% difference in regional ejection fraction. The regional ejection fraction image was considered to be abnormal at rest if at least onethird of a wall showed a four-count color difference from the most intense color in the ventricle. The same criterion applied to the exercise image if the resting image was normal. If a resting abnormality was present, an additional four-count color change involving one-third of the wall was necessary to be considered a significant change with exercise.12
Statistical Metthods
A paired t test was used to analyze changes from rest to exercise in the same subject. A multiple linear regression analysis was used to assess the significance of the resting LVEF, exercise end point, number of diseased vessels, resting EDV and the exercise double product (heart rate X mean exercise blood pressure) as predictors of the change in LVEF from rest to exercise. Individual linear regression analyses were performed where indicated. Any p value < 0.05 was considered significant.
Results
Resting Left Ventricular Function
The heart rate at rest ranged from 50-120 beats/min (mean 79.9 t 16.6 beats/min). The resting blood pressure was 123.2 ± 16.8/81.4 ± 12.7 mm Hg (range 88-178/50-130 mm Hg). The LVEF at rest ranged from 0.12-0.82 (mean 0.43 ± 0.18). Neither resting heart rate nor blood pressure showed a significant linear correlation with resting LVEF. The EDV at rest ranged from 70-378 ml. There was a significant inverse relationship between LVEF and EDV at rest (r = 0.69). The resting EDVs of the three subgroups were 246 ± 59 ml for group 1, 195 ± 58 ml for group 2 and 132 ± 35 ml for group 3. Regional contraction abnormalities were present at rest in 100%, 86% and 8% of groups 1, 2 and 3 respectively. No 21 (14%) stopped because of chest pain but had no ECG changes, 36 (24%) reached 85% predicted maximal heart rate without chest pain or ECG changes and 47 (31%) stopped because of fatigue.
Exercise Tolerance
The duration of exercise ranged from 90-840 seconds. Exercise duration was not significantly related to resting LVEF ( fig. 1) . Further, exercise durations in patients whose LVEF decreased during exercise were not significantly different from those in patients whose LVEF increased during exercise ( fig.  2 ). Because the work load was increased every minute, the peak work load attained was proportional to the duration of exercise.
Heart Rate and Blood Pressure
The heart rate of the 150 patients averaged 134.4 ± 20.1 beats/min (range 80-170 beats/min) during exercise. There was no correlation between the heart rate during maximal exercise and resting LVEF (r = 0.003). The mean maximal heart rates of the three LVEF subgroups were 133.6 ± 18.7, 135.6 ± 19.7 and 134.0 ± 21.0 beats/min for groups 1, 2 and 3, respectively.
The mean blood pressure at peak exercise for the entire group was 157.4 ± 27.2/85.6 ± 15.6 mm Hg (range 70-230/20-120 mm Hg). Peak systolic blood pressure tended to be lower as resting LVEF decreased; the mean peak systolic pressure was 142.5 ± 24.9 mm Hg in group 1, 157. who exercised to chest pain or significant ST-segment changes had decreased ejection fractions during exercise, whereas patients in group 1 who reached similar end points actually had increased ejection fractions. In all three groups, patients who stopped exercising because of fatigue had the least abnormal change in ejection fraction.
End-diastolic Volumes
The mean EDV for all patients in the study increased with exercise, from 183.1 ± 68.1 to 214.3 + 66.2 ml (p < 0.0001). The absolute changes in EDV with exercise are shown for the three groups in figure 5 . EDV increased significantly in all the groups although the change in group 1 (14 + 39.6 ml) was smaller than those of groups 2 (33.2 ± 38.4 ml) and 3 (37.7 i 34.2). There was an inverse linear relationship (r = -0.50) between resting EDV and the percentage change in EDV during exercise ( fig. 6 ). Hence, as the resting heart size increased, the relative increase in EDV with exercise became progressively smaller.
Regional Left Ventricular Function
All group 1 patients, 90% of group 2 patients and 51% of group 3 patients had regional wall motion ab- normalities during exercise ( fig. 7) . Compared with the resting study, new or additional regional dysfunction was detected in 33% of the 150 patients in the study and was more commonly detected in patients with normal resting function. In addition, exerciseinduced regional dysfunction was present significantly more often (p = 0.0004, Fischer's exact test) in patients who had pain or ischemic ECG changes during exercise ( fig. 8) compared with 59% and 51% of group 2 and group 3 patients, respectively. Discussion Since the early animal experiments of Tennant and Wiggers,'3 it has been known that localized ischemia results in regional myocardial contraction abnormalities. When the size of the ischemic area is increased either by progressive flow reductions or more proximal coronary artery occlusions, the size of the abnormally contracting segment increases. At some point, the ability of the nonischemic myocardium to preserve global function is exceeded, and global left ventricular function decreases. 6 Whether or not the left ventricular response to stress is altered by the presence of abnormal left ventricular function at rest has not been thoroughly studied, as previous reports have included few patients with markedly abnormal resting left ventricular function. To examine that question, we studied the effect of exercise stress on global and regional left ventricular functiorn in a group of patients with coronary artery disease and a broad range of resting left ventricular function. First-pass radionuclide angiocardiography was used to measure LVEF and EDV and to assess regional wall motion. The validity and reproducibility of those measurements using this technique have been reported. 3 14, 15 The study population was divided into three groups by their resting ejection fractions. These groups reflect commonly used clinical categories of normal, mildly to moderately impaired and severely impaired left ventricular function. However, to avoid the statistical bias that may result from arbitrary subdivisions, all statistical analyses were performed on the entire cohort.
The results of the study clearly show the heterogeneous nature of the response to exercise in patients with coronary artery disease, confirming previous findings.2 ' 3 16 In addition, the significance of the resting LVEF as a determinant of ALVEF was confirmed by multiple linear regression analysis. Moreover, the influence of resting function retained its statistical significance when adjusted for the extent of coronary disease and the presence of pain or ST-segment changes during exercise, both of which have been shown to be important determinants of the left ventricular response to exercise.2 ' 3,16 Despite individual variability, as a group, patients with normal resting function showed the most profound decreases in ejection fraction. As the resting LVEF decreased, the magnitude of the changes in LVEF decreased so that patients with mildly to moderately depressed resting LVEF showed no change in ejection fraction during exercise and patients with severely depressed resting function actually had increased ejection fractions with exercise.
Similarly, the prevalence of exercise-induced regional dysfunction was much more common in patients with normal resting function than in patients with abnormal resting function. That relationship persisted even after the differences in the frequency of exercise-induced ischemia were considered. In patients who developed pain or ECG changes during exercise, regional function deteriorated in only 10% of those with a resting LVEF < 0.25, compared with 59% and 51% of those with intermediate and normal resting LVEF, respectively.
In studies of stress-induced ischemia, 22 Despite the influence of resting systolic function on the hemodynamic response to exercise, there was no relationship between the resting LVEF or ALVEF and exercise tolerance as measured by exercise time. Many patients in this study with severely compromised resting function achieved exercise times comparable to those achieved by patients with normal resting function. The lack of correlation between resting LVEF and exercise tolerance has been documented. 23 24 This study also confirmed the importance of both the extent of coronary artery disease and the exercise end point on the hemodynamic response to exercise noted previously.2' 3, 16 Exercise-induced left ventricular dysfunction is more likely to occur with more extensive coronary disease and in the presence of exercise-induced ST-segment changes. Eighteen patients in the present study (13 with a history of typical angina and nine with multivessel disease) had a normal left ventricular response to exercise despite adequate exercise and normal or minimally reduced resting ejection fractions. It is likely that the exercise response is influenced by multiple variables. The importance of the location of a stenosis in a coronary artery, the percentage diameter occlusion, presence of collateral vessels, coexistence of mitral insufficiency, sympathetic tone and cardiac medications merit further investigation.
The results of this study have important implications for the clinical use of radionuclide angiocardiography in the evaluation of patients with coronary artery disease. Neither global nor regional deterioration with exercise can be detected with enough frequency to warrant use of this technique to detect ischemia in patients with low ejection fractions at rest. Because there was no correlation between exercise capacity and resting LVEF or ALVEF, the value of radionuclide measurements during exercise in that group of patients does not seem to be of value in assessing the suitability for or benefits derived from any therapeutic intervention. However, prognostically significant information may be derived from exercise data in patients with low ejection fractions. The prognosis in patients with a low resting LVEF who show additional dysfunction with exercise may be different from that in patients whose ventricular function does not deteriorate with exercise. However, too few patients were studied and the follow-up was too short to evaluate that possibility.
In contrast, in patients with normal or mildly to moderately depressed left ventricular function at rest, the magnitude and frequency of changes during exercise are significantly greater. Hence, radionuclide angiography should be useful for quantifying both the effects of ischemia and the effects of therapy on the ischemic response in these patients.
